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012.11.0Abstract Wasted cooking oil from restaurants was used to produce neat (pure) biodiesel through
transesteriﬁcation, and then used to prepare biodiesel/diesel blends. The effect of blending ratio and
compression ratio on a diesel engine performance has been investigated. Emission and combustion
characteristics was studded when the engine operated using the different blends (B10, B20, B30, and
B50) and normal diesel fuel (B0) as well as when varying the compression ratio from 14 to 16 to 18.
The result shows that the engine torque for all blends increases as the compression ratio increases.
The bsfc for all blends decreases as the compression ratio increases and at all compression ratios
bsfc remains higher for the higher blends as the biodiesel percent increase. The change of compres-
sion ratio from 14 to 18 resulted in, 18.39%, 27.48%, 18.5%, and 19.82% increase in brake thermal
efﬁciency in case of B10, B20, B30, and B50 respectively. On an average, the CO2 emission increased
by 14.28%, the HC emission reduced by 52%, CO emission reduced by 37.5% and NOx emission
increased by 36.84% when compression ratio was increased from 14 to 18. In spite of the slightly
higher viscosity and lower volatility of biodiesel, the ignition delay seems to be lower for biodiesel
than for diesel. On average, the delay period decreased by 13.95% when compression ratio was
increased from 14 to 18. From this study, increasing the compression ratio had more beneﬁts with
biodiesel than that with pure diesel.
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071. Introduction
The world is presently confronted with the twin crises of fossil
fuel depletion and environmental degradation. Indiscriminate
extraction and lavish consumption of fossil fuels have led to
reduction in underground-based carbon resources. The search
for alternative fuels, which promise a harmonious correlation
with sustainable development, energy conservation, efﬁciency
and environmental preservation, has become very important
today. Biodiesel is an alternative diesel fuel derived from the
transesteriﬁcation of vegetable oils, animal fats, or waste fryingion and hosting by Elsevier B.V. All rights reserved.
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esters [2–4]. The use and research of biodiesel as an alternative
fuel for the diesel engine started because of the reduction of
petroleum production by Organization of the Petroleum
Exporting Countries (OPEC) and the resulting price rise [6].
In the transport sector it can be used blended with fossil diesel
fuel and in pure form. The major chemically bound oxygen
component in the biodiesel fuel has the effect of reducing the
pollutant concentration in exhaust gases due to better burning
of the fuel in the engine [6]. It is described as an alternative fuel
which improves environmental conditions and contributes to
gaining energy sustainability [7]. The use of blends with 2–
30% fossil diesel fuel does not require any modiﬁcation of
the car engine. In some cases minor modiﬁcations are required
for the use of 100% pure biodiesel [8]. Exhaust emissions of
diesel engines operating on neat biodiesel and its blends with
diesel fuel have been reported in numerous studies [9–16]. In
many investigations, reductions in carbon monoxide (CO), to-
tal hydrocarbons (THC), and particulate matter (PM) emis-
sions and smoke, along with increases in oxides of nitrogen
(NO), have been determined in the exhausts. For example,
Labeckas and Slavinskas [10] studied the effect of rapeseed
oil methyl ester (RME) on a four stroke, four cylinder, direct
injection diesel engine operating on neat RME and its 5%,
10%, 20% and 35% blends with diesel fuel. Their results show
that maximum NO emissions increase with increased mass per-
cent of oxygen in the biofuel and increased engine speeds. The
carbon monoxide emissions and visible smoke emerging from
the biodiesel over all load and speed ranges are lower by up
to 51.6% and 13.5% to 60.3%, respectively. Carbon dioxide
emissions, along with fuel consumption and gas temperatures,
are slightly higher for the B20 and B35 blends and neat RME.
Emissions of unburned hydrocarbons for all biofuels are low.
Schumacher et al. [11] performed a study on a model 6V92TA
Detroit Diesel Corporation diesel engine fueled with blends of
10%, 20%, 30% and 40% soydiesel/diesel fuel. They found
that fueling with biodiesel/diesel fuel blends reduced PM,
THC, and CO, but increased NOx. They also reported that
the optimum blend of biodiesel and diesel fuel was a 20/80 bio-
diesel/diesel fuel blend. Retarded fuel injection timing reduced
NOx emissions, while CO, THC, and PM emissions remained
essentially constant with a 20/80 biodiesel/diesel fuel blend.
Raheman and Phadatare [12] presented the results of inves-
tigations carried out on the fuel properties of karanja methyl
ester (KME) and its blend with diesel from 20% to 80% by
volume, and on a diesel engine powered with these fuels. They
concluded that the blends of karanja esteriﬁed oil (B20 and
B40) are a suitable alternative fuel for diesel which reduces ex-
haust emissions while increasing torque, brake power, brake
thermal efﬁciency and reducing brake-speciﬁc fuel consump-
tion. Ramadhas et al. [13] evaluated various blends of rubber
seed oil and diesel on engine performance and emission tests.
They found that blends of 50–80% rubber seed oil gave the
best performance. Canakci and Gerpen [14] showed that for
the fully loaded John Deere 4276T engine, the nitrogen oxides
increase by 11.6% for the yellow grease methyl ester and by
13.1% for the soybean oil methyl ester, while the CO2 emis-
sions increase by 1.2% and 1.8%, respectively, along with sig-
niﬁcantly lower CO emission (17.8% and 18.2%) and
unburned HC (46.3% and 42.5%).
The present study is a trial to investigate experimentally the
effect of varying the compression ratio on a diesel engineFueled with waste oil produced biodiesel/diesel fuel for both
engine performance and emission level.2. Materials and methods
The combustion characteristics, engine performance and ex-
haust emission levels are measured by testing waste oil biodie-
sel/diesel fuel blends 10% (B10), 20% (B20), and 30% (B30),
50% (B50) In addition, pure diesel fuel (B0) on a four-stroke,
single cylinder, direct injection Tec-Quipment TD43F variable
compression ratio diesel engine. The engine has a bore of 95
mm stroke of 82 mm, and displacement of 582 cm3. The emis-
sion and performance tests were performed at compression ra-
tios of 14, 16, and 18 and at engine speeds ranging from 1000
to 2000 rpm, increasing in 250 rpm increments at full maxi-
mum load for each speed at each compression ratio. The prop-
erties of the biodiesel produced from waste oil used in this
study was measured at Amereia Petrolium Company, Alexan-
dria Egypt and listed in Table 1.
The engine was coupled to a conventional D.C. electric
dynamometer which besides loading the engine, can be used
as a starter motor to start the engine or to motor the engine
when measuring friction power. K type thermocouples were
used to measure the temperature of exhaust gases, and the tem-
perature of the cooling water. The cylinder pressure was mea-
sured and recorded against the crank angle for each 0.5 degree
increment. The data from the engine under test can be col-
lected for a given cycle, displayed, and saved on the computer
connected to the unit. The amounts of carbon monoxide CO
(vol%) and carbon dioxide CO2 (vol%), nitrogen oxides
NOx (ppm), unconsumed oxygen O2 (vol%) in the exhaust,
as well as the amounts of unburned hydrocarbons HC(ppm)
emissions were measured with the Techno-Test emission ana-
lyzer model 488. From the pressure-crank angle diagram we
can specify the start of ignition point at which the pressure in-
creases suddenly and the pressure at this point is the ignition
pressure, this point was checked again using the log(p)–log(v)
curve. As the compression process is polytropic (pvn = con-
stant); so, by taking the logarithm for both sides and drawing
the log(p)–log(v) diagram, the compression process will be lin-
ear in this curve and the start of ignition point will be the end
point of this line, also the slope of the line is the polytropic in-
dex (n). For all experiments we ﬁxed the pump injection angle
to be 20 BTDC (240), so the ignition delay angle, Dh, is the
difference between the two angles in degree.3. Results and discussion
3.1. Engine performance
3.1.1. Engine torque
3.1.1.1. Effect of blend. The variations of maximum engine tor-
que values in relation with engine speed for all blends at three
compression ratios 14, 16, and 18 are shown in Fig. 1. As
shown in this ﬁgure, the torque increase as the compression ra-
tio increase this is due to higher pressure inside the combustion
chamber and so higher indicated power will results and the tor-
que will be increased. In general the maximum torque at all
speeds was obtained with diesel operation at all compression
ratios. The observed maximum torque values of the biodiesel
fuel blends operations were less than the diesel fuel value for
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Figure 1 Variation of torque with engine speed for all blends of waste oil biodiesel at different compression ratios.
Table 1 Physical and chemical properties of waste oil biodiesel used in this study.
Parameter Test method Waste oil biodiesel (B100)
Relative density at 15 C (g/mL) ASTMD-1298 0.8804
Kinematic viscosity at 38.5 C (Cst) ASTMD-445 5.66
Cetane number ASTMD-4737 55.3
Flash point, C ASTMD-93 171.1
Heating value, MJ/kg ASTMD-4868 42.13
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ues of biodiesel.
3.1.1.2. Effect of compression ratio. As shown in Fig. 2, the en-
gine torque for all blends increases as the compression ratio in-
creases. As it is clear from the ﬁgure that, as biodiesel percent13
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Figure 2 Variation of engine torque with compression raincreases the torque decrease. As an example, the engine tor-
que of pure diesel (B0) and the blend B30 increased on an aver-
age by 1.16% and 12.65%, respectively, when the compression
ratio was increased from 14 to 16. The corresponding values
for further increase of compression ratio from 16 to 18 were
16.86% and 17.72%, respectively. Similar values were17 19
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tio for all blends at 1500 rpm and full load conditions.
4 M. EL_Kassaby, M.A. Nemit_allahobtained for all blends. This shows that increasing the com-
pression ratio had more beneﬁts with biodiesel than with high
pure diesel. Due to their low volatility and higher viscosity,
biodiesel performs badly at lower compression ratios due to re-
duced cylinder pressure and temperature. Biodiesel might be
performing relatively better at higher compression ratios due
to increased pressure and temperature inside the combustion
chamber which will result in good droplet atomization and
combustion. Similar results of engine torque with the change
in compression ratio on the Ricardo E6 engine were also re-
ported by Bhutt [16].
3.1.2. Brake speciﬁc fuel consumption
3.1.2.1. Effect of blend. Brake speciﬁc fuel consumption, bsfc,
is one of the important parameters of an engine. As shown
in Fig. 3, there were about 2.72%, 2.3%, 4.08%, and 7.12%
higher speciﬁc fuel consumption as an average value for the
three compression ratios when running on B10, B20, B30,
and B50 than diesel fuel at 2000 rpm respectively. The higher
speciﬁc fuel consumption values in the case of vegetable oils
are due to their lower energy content.
3.1.2.2. Effect of compression ratio. As shown in Fig. 4 the bsfc
for all blends decreases as the compression ratio increases. At
all compression ratios, bsfc remains higher for the higher
blends. This may be due to improved combustion at higher
compression ratios. The bsfc of pure diesel (B0) and the blend
B30 decreased on an average by 4.84% and 6.96%, respec-
tively, when the compression ratio was increased from 14 to
16. The corresponding values for further increase of compres-
sion ratio from 16 to 18 were 15.62% and 17.3%, respectively.
Similar values were obtained for all blends. As it is clear from
these values that biodiesel gives a better decrease in bsfc than
diesel as the compression ratio increase. This behavior may be
due to lower volatility and higher cetane number of biodieselRc=1
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Figure 3 Variation of brake speciﬁc fuel consumption with speed focompared to diesel fuel which will result in improved combus-
tion at higher compression ratios. Similar results of bsfc with
the change in compression ratio on the Ricardo E6 engine were
also reported by Rheman et al. [17].
3.1.3. Brake thermal efﬁciency
3.1.3.1. Effect of blend. The variation of brake thermal efﬁ-
ciency of Tec-Quipment TD43F variable compression engine
obtained in this study is shown in Fig. 5 as a function of speed
for compression ratios of 18, 16, and 14 respectively. It can be
observed from these ﬁgure that the parameters, which were
responsible for giving best fuel economy, also resulted in show-
ing maximum brake thermal efﬁciency. It can be seen from
Fig. 5 that the brake thermal efﬁciency of the engine, in gen-
eral, reduced with the increasing concentration of biodiesel
in the blends. However, the mean brake thermal efﬁciency of
‘B20’ was rather slightly (2.22% as average for all speed range)
higher than that of pure at Rc = 18, though the difference was
not statistically signiﬁcant. This could be attributed to the
presence of increased amount of oxygen in B20, which might
have resulted in its improved combustion as compared to pure
diesel. The brake thermal efﬁciency of all biodiesel blends were
lower than that of pure diesel which could be attributed to the
signiﬁcantly lower efﬁciencies of biodiesel especially at lower
compression ratios due to a reduction in the caloriﬁc value
and an increase in fuel consumption as compared to B0.
3.1.3.2. Effect of compression ratio. In general, increasing the
compression ratio improved the efﬁciency of the engine. The
mean brake thermal efﬁciency increased by more than 18.5%
when the compression ratio was raised from 14 to 18 for the
blend B30 as an example as shown in Fig. 6. This improved
performance of the engine at higher compression may be due
to the reduced ignition delay. The compression ratio,
Rc = 18, was found to be the best for all blends tested. The4
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Figure 4 Variation of brake speciﬁc fuel consumption with compression ratio for all blends at 1500 rpm and full load condition.
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Figure 5 Variation of brake thermal efﬁciency with engine speed for all blends of waste oil biodiesel at different compression ratios.
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Figure 6 Variation of brake thermal efﬁciency with compression ratio for all blends at 1500 rpm and full load conditions.
Studying the effect of compression ratio on an engine fueledwith waste oil produced biodiesel/diesel fuel 5change of compression ratio from 14 to 18 resulted in, 18.39%,
27.48%, 18.5%, and 19.82% increase in brake thermal efﬁ-
ciency in case of B10, B20, B30, and B50 respectively. Thiscould be due to the fact that biodiesel blends had lower vola-
tility as compared to diesel and therefore the improvement in
their combustion characteristics might have been relatively
6 M. EL_Kassaby, M.A. Nemit_allahmore at higher temperatures resulted from higher compression
ratio than the improvement in case of diesel with the same rise
in compression ratio.
3.2. Emissions
3.2.1. CO, CO2, HC emission
3.2.1.1. Effect of blend. As shown in Fig. 7, CO formation de-
creased with increasing engine speeds for all blends till
1700 rpm, then increase with increasing the speed. For the
same reasons mentioned before at the low speed operation,
poor atomization and uneven distribution of small portions
of fuel across the combustion chamber, along with a low gas
temperature, may lead to local oxygen deﬁciency and incom-
plete combustion. That could be the answer as to why CO
emissions tend to increase for the low loaded engine. At high
revolutions and high radial turbulence intensity in the combus-
tion chamber, the mixing of the fuel rich portions with ambient
air should be improved. On the other hand, the duration of the
combustion process expressed in units of time becomes limited
too, which results in increasing CO emission. As it is clear from
the ﬁgure that the curves of CO emissions for all biodiesel
blends remain under the curve of pure diesel and decrease as
the biodiesel percent increase at all compression ratios. Several
reasons have been reported to explain the decrease of CO when
substituting conventional diesel for biodiesel: (1) The addi-
tional oxygen content in the fuel, which enhances a complete
combustion of the fuel, thus reducing CO emissions; (2) The
increased biodiesel cetane number. The higher the cetane num-
ber, the lower the probability of fuel- rich zones formation,
usually related to CO emissions; (3) As commented in other
sections, the advanced injection and combustion when using
biodiesel may also justify the CO reduction with this fuel. Also
CO2 concentration increased with increasing engine speed for
all fuels. B50 produced the highest amount of CO2 than other
fuels for all engine speeds at all compression ratios. It is an
indication of efﬁcient combustion of biodiesel due to its oxy-
genated nature which helps for more complete combustion.Rc=
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Figure 7 Variation of CO emission with engine speed for all bThe emissions of unburned hydrocarbons HC for all blends
are lower than that of diesel fuel at all compression ratios,
increasing slightly with speed and proportion of fuel injected.
This is because of better combustion of biodiesel inside the
combustion chamber due to the availability of oxygen atom
in biodiesel.
3.2.1.2. Effect of compression ratio. On an average, the CO
emission reduced by 37.5% when compression ratio was in-
creased from 14 to 18 for the blend B30 as it can be seen from
Fig. 8, similar values were obtained for the other blends. This
inverse relationship of CO emission with compression ratio
was observed at all speeds for all blends. The possible reason
for this trend could be that the increased compression ratio
actually increases the air temperature inside the cylinder conse-
quently reducing the delay period causing better and more
complete burning of the fuel and so lower CO emission.
3.2.2. NOx emission
3.2.2.1. Effect of blend. The emissions of NOx against engine
speed for various blends are compared in Fig. 9 at all compres-
sion ratios. As seen from the ﬁgure that all blends produced
higher NOx than pure diesel for all engine speeds at all com-
pression ratios as expected. For all of the blends, the curves
for each blend remains over the curve of pure diesel. There
were some reasons for this behavior: (1) Regarding the adia-
batic ﬂame temperature, some authors state that it is slightly
higher for biodiesel because of its oxygenated nature which
help for more complete combustion and so higher temperature
and NOx emission; (2) Regarding the reduction in soot forma-
tion with biodiesel. Radiation from soot produced in the ﬂame
zone is a major source of heat transfer away from the ﬂame,
and can lower bulk ﬂame temperatures by 25 K to 125 K,
depending on the amount of soot produced at the engine oper-
ating conditions. [17] proposed an theory for the slight NOx
increase of biodiesel. They considered that biodiesel typically
contains more double bonded molecules than petroleum de-
rived diesel. These double bonded molecules have a slightly14
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Figure 8 Variation of CO emission with compression ratio for all blends at 1500 rpm and full load conditions.
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Figure 9 Variation of NOx emission with engine speed for all blends of waste oil biodiesel at different compression ratios.
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Figure 10 Variation of NOx emission with compression ratio for all blends at 1500 rpm and full load conditions.
Studying the effect of compression ratio on an engine fueledwith waste oil produced biodiesel/diesel fuel 7higher adiabatic ﬂame temperature, which leads to the increase
in NOx production for biodiesel.
3.2.2.2. Effect of compression ratio. On an average, the NOx
emission increased by 36.84% when compression ratio was in-
creased from 14 to 18. It was increased by 26.32% and 8.33%when the compression ratio was raised from 14 to 16 and fur-
ther to 18, respectively for the blend B30 as it can be seen from
Fig. 10, similar values were obtained for the other blends. This
increased amount of NOx emission with compression ratio was
observed at all engine speeds for all blends. Hence the most
signiﬁcant factor that causes NOx formation is high
Figure 11 Pressure vs. crank angle for diesel, waste oil biodiesel blends at 1750 rpm for various compression ratios.
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Figure 12 Variation of peak cylinder pressure with engine speed for waste oil biodiesel blends at compression ratios of 14, and 18
respectively.
8 M. EL_Kassaby, M.A. Nemit_allahcombustion temperatures and the combustion temperature in-
crease as the compression ratio increase; so as the compression
ratio increase, the amount of NOx will increase.3.2.3. Combustion characteristics
3.2.3.1. Cylinder pressure. 3.2.3.1.1. Effect of blend. In general,
higher peak pressure and maximum rate of pressure rise
Studying the effect of compression ratio on an engine fueledwith waste oil produced biodiesel/diesel fuel 9correspond to large amount of fuel burned in premixed com-
bustion stage. The cylinder pressure crank angle history was
obtained at 1750 rpm for diesel and waste oil biodiesel blends
at three compression ratios; 14, 16, and 18 respectively as
shown in Fig. 11. Also peak pressure was obtained at different
speeds for the same compression ratios as shown in Fig. 12. It is
clear that the peak cylinder pressure is higher for biodiesel at all
engine speeds and compression ratios and it increase as both
speed and compression ratio increase. This is owing to a short
ignition delay and advanced injection timing for biodiesel (be-
cause of a higher bulk modulus, higher density of biodiesel, and
higher cetane number). The possible reason for the trends in the
peak cylinder pressure is because of the longer ignition delay for
diesel than for biodiesel, combustion starts later for diesel fuel.
As a result, the peak cylinder pressure attains a lower value as it
is further away from the TDC in the expansion stroke. It is con-
cluded from this discussion that as biodiesel percent increases
as the peak cylinder pressure will increase.
3.2.3.1.2. Effect of compression ratio. In general, increasing
the compression ratio improved the performance and cylinder
pressure of the engine. On average, the cylinder pressure in-
creased by 8.42%, 14.83%, and 14.77% for the blends B0,
B30, and B50 respectively when compression ratio was in-
creased from 14 to 18, it was increased by 7.18% and 0.3%;
5.68% and 8.66%; 4.62% and 9.71% when the compression
ratio was raised from 14 to 16 and further to 18, respectively
for the blends B0, B30, and B50 respectively as it can be seen
from Fig. 13. These increased values of cylinder pressure withFigure 13 Pressure vs. crank angle for B0, B30, and B50 waste oicompression ratio were observed at all engine speeds for all
blends. This shows that increasing the compression ratio had
more beneﬁts with biodiesel than with pure diesel. Due to their
low volatility and higher viscosity and cetane number, biodie-
sel might be performing relatively better at higher compression
ratios. Also the oxygen content of biodiesel may be a cause for
this better performance.
3.2.3.2. Delay period.
3.2.3.2.1. Effect of blend. The increase in fuel viscosity, partic-
ularly for petroleum derived fuels, results in poor atomization,
slower mixing, increased penetration and reduced cone angle.
These result in longer ignition delay. But biodiesel is not de-
rived from crude petroleum, and the opposite trend is seen in
the case of biodiesel and their blends. Fig. 14 compares the de-
lays between neat diesel and biodiesel blends at various speeds
for the three compression ratios. As shown in the ﬁgure, as
speed increases as the delay period decreases for all blends
for the three compression ratios. This behavior is because as
the engine speed decreases, the residual gas temperature and
wall temperature decreases, which result in lower charge tem-
perature at injection time and lengthening the ignition, delay
[20].
The delays are consistently shortest for the blend B50. In
spite of the slightly higher viscosity and lower volatility of bio-
diesel, the ignition delay seems to be lower for biodiesel than
for diesel. The reason may be that a complex and rapid pre-
ﬂame chemical reaction takes place at high temperatures. Asl biodiesel blends at 1750 rpm for different compression ratios.
Figure 14 Effect of speed on the ignition delay for diesel and waste oil biodiesel blends at different compression ratios.
Figure 15 Effect of engine speed on the ignition delay for B30 at different compression ratios.
10 M. EL_Kassaby, M.A. Nemit_allaha result of the high cylinder temperature existing during fuel
injection, biodiesel may undergo thermal cracking and lighter
compounds are produced, which might have ignited earlier
to result in a shorter ignition delay [21]. Biodiesel usually in-
cludes a small percentage of diglycerides having higher boiling
points than diesel. However, the chemical reactions during the
injection of biodiesel at high temperature resulted in the break-
down of the high-molecular weight esters. These complex
chemical reactions led to the formation of gases of low-molec-
ular weight. Rapid gasiﬁcation of this lighter oil in the fringe of
the spray spreads out the jet, and thus volatile combustion
compounds ignited earlier and reduced the delay period.
3.2.3.2.2. Effect of compression ratio. As it is clear from
Fig. 14 that, as the compression ratio increase, the delay period
will decrease for all blends at all speeds. These results are
proved clearly in Fig. 15 for the blend B30 at the three com-
pression ratios 14, 16, and 18 respectively. On average, the de-
lay period decreased by 13.95% when compression ratio was
increased from 14 to 18. It was decreased by 9.3% and5.13% when the compression ratio was raised from 14 to 16
and further to 18, respectively for the blend B30 as it can be
seen from Fig. 15, similar values were obtained for the other
blends. The possible reason for this trend could be that the in-
creased compression ratio actually increases the air tempera-
ture inside the cylinder helping for early combustion
consequently reducing the ignition delay.
4. Conclusions
 More precisely, biodiesel could be safely blended with diesel
fuel up to 20% at any of the compression ratio and speed
tested for getting almost the same performance and emis-
sion as that with diesel fuel.
 At partial load or low engine speed operation, small differ-
ences in power output was found, since an increase in fuel
consumption in the case of biodiesel would compensate its
reduced heating value. At full-load or high engine speed
Studying the effect of compression ratio on an engine fueledwith waste oil produced biodiesel/diesel fuel 11conditions, the observed maximum torque values of the bio-
diesel fuel blends operations were less than the diesel fuel
value for each fuel. The engine torque for all blends
increases as the compression ratio increases.
 An increase in bsfc has been found when using biodiesel at
all loads and speeds tested in our study. The bsfc for all
blends decreases as the compression ratio increases and at
all compression ratios bsfc remains higher for the higher
blends as the biodiesel percent increase.
 The brake thermal efﬁciency of diesel engines tested was
reduced when substituting diesel by biodiesel in its blended
form. The change of compression ratio from 14 to 18
resulted in, 18.39%, 27.48%, 18.5%, and 19.82% increase
in brake thermal efﬁciency in case of B10, B20, B30, and
B50 respectively.
 On an average, the CO2 emission increased by 14.28%, the
HC emission reduced by 52%, CO emission reduced by
37.5% and NOx emission increased by 36.84% when com-
pression ratio was increased from 14 to 18.
 In spite of the slightly higher viscosity and lower volatility
of biodiesel, the ignition delay seems to be lower for biodie-
sel than for diesel. On average, the delay period decreased
by 13.95% when compression ratio was increased from 14
to 18.
 In general, increasing the compression ratio improved the
performance and cylinder pressure of the engine and had
more beneﬁts with biodiesel than with high pure diesel.
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